Strain(work)-hardening in tensile tests was examined for low carbon steels with various ferrite grain sizes ranged from 0.4 to 16 mm. The steels had microstructures composed of ferrite grains and dispersed cementite particles. They were fabricated through warm caliber bar-rollings with an accumulative area reduction of 93 %.
Introduction
Many studies on ultrafine-grained microstructures have been performed to develop new ecologically beneficial high strength steels. They have confirmed that an excellent combination of high yield strength and low ductile-brittle transition temperature can be achieved by grain refinement without any costly alloying or additional heat treatment. [1] [2] [3] [4] However, grain refinement to 1 mm deteriorates the uniform elongation in the tensile tests of the steels and increases their yield strength considerably. [1] [2] [3] [4] [5] [6] As a result of the decrease in strain (work)-hardening, the tensile strength becomes very close to the yield strength of the ultrafinegrained structures. Such loss of ductility has been argued to be an inherent feature of the ultrafine-grained steels, which can be regarded as the "Achilles' heel" that severely restricts its potential applications. 7) The plastic instability condition in tensile tests is expressed by the formula sϾds/de, where s is the flow stress and e is the true strain. Since the flow stress s increases monotonically with grain refinement, a larger strain-hardening rate ds/de is required to avoid the plastic instability and to improve the uniform elongation (U.El) as shown in Fig. 1 . Ashby et al. [8] [9] [10] showed that the strainhardening rate of crystals depends on the dispersion of hard second phase particles and is proportional to a dispersion parameter ( f/d) 1/2 , where f is the volume fraction of the second phase and d is the mean diameter of the particles. Thus the concept of a strain-hardening design using second phases has been proposed to improve the strength-ductility balance of the ultrafine-grained steels.
11 ) The latest studies on the ultrafine-grained steels with mean grain sizes of less than 1 mm proved that a certain uniform elongation can be obtained by the dispersion of fine dispersed oxide, 12) cementite 11, 13, 14) or martensite. 15) However, there is not much systematic data on the tensile properties with variations in the dispersion states of second phase particles and ferrite grain size. One of the obstacles in this type of systematic study is the difficulty in obtaining large bulky samples for the mechanical tests.
Through multi-pass warm caliber-rollings, the authors et al. fabricated ultrafine-grained steel bars that were large enough to machine sufficient test specimens. 1, 2) The ultrafine-grained structures are formed through a process called continuous recrystallization 16) or in-situ recrystallization, 17) Fig. 1. Schematic illustration of the deterioration in uniform elongation by grain refinement and the concept of strainhardening design.
which consists of a grain subdivision during severe plastic deformations and the subsequent recovery. In the present study, the model microstructures composed of ferrite grains and uniformly dispersed fine cementite particles were fabricated by the warm caliber-rollings. Then, the effects of cementite dispersion on the tensile properties were examined systematically in a wide range of ferrite grain sizes to prove the effectiveness of the strain-hardening design using dispersed cementite, which is one of the most basic components of the microstructure in the Fe-C system.
Experimental Procedure
Three steels with carbon contents of approximately 0.1, 0.15 and 0.3 mass% respectively were used. Their chemical compositions are shown in Table 1 . Rods with a cross section of 44 mm square were prepared. They were quenched from 1 373 K and tempered for 1 h at 893 K to produce the initial microstructure of tempered martensite (and/or bainite) with a uniform dispersion of cementite, and then were subjected to the multi-pass warm caliber-rolling with an accumulated area reduction of 93 % at a target rolling temperature (T R ) of 673 K, 773 K or 873 K (additionally 923 K for 0.15 % C steel). Figure 2 shows the outline of the process. The cross sections of the bar samples were reduced to 12 mm square through a total of 22 rolling-passes. They were reheated after every few rolling-passes to maintain their temperatures in the range of T R ϩ20 K to T R Ϫ50 K during the rolling process. The as-rolled samples were quenched immediately after the rollings, and the annealed samples were prepared by reheating the as-rolled ones for 1h at an annealing temperature (T A ) between T R Ϫ50 K and T R ϩ100 K.
The nominal ferrite grain sizes and the mean diameters of the cementite particles were measured by SEM microscopy on the cross sections normal to the rolling (longitudinal) direction of the bar samples. The tensile test specimens, which were 24.5 mm long parallel portions with circular cross sections with diameters of 3.5 mm, were machined in the rolling direction. The tensile tests were performed at an ambient temperature at a fixed rate of 0.5 mm/min. The initial gauge length was 17.5 mm.
Results

Microstructure
All the microstructures that were obtained in the present study were composed of ferrite grains and spheroidized cementite particles. The cementite particles were much finer than the ferrite grains. Figure 3 shows the microstructures of the as-rolled samples for the 0.1 % C, 0.15 % C and 0.3 % C steel rolled at 773 K (T R ϭ773 K). The carbon content affected the volume fraction of cementite but did not have much effect on the ferrite grain size. Figures 4 and 5 show the effects of the rolling temperature (T R ) and the annealing temperature (T A ) on the SEM microstructures for the 0.15 % C steel. Abnormal grain growth occurred on some annealing conditions of T A м673 K as shown in Fig.  5(d) . The average sizes of the ferrite grains and the cementite particles both increased with the processing temperatures, namely the rolling temperature and the annealing temperature.
The nominal ferrite grain sizes obtained in the present study ranged from approximately 0.4 to 16 mm as shown in Fig. 6 . The oblique lines on the plotted marks mean the occurrence of abnormal grain growth. An average ferrite grain sizes containing abnormally coarsened grains was determined by an area(volume) fraction-weighted average of the inverse square roots of each average grain size in the normal and abnormal growth regions.* The average grain sizes determined in this way could illustrate the relationship between the grain size and yield strength as mentioned later. Finer ferrite grains were obtained with an increase in the carbon content when the processing temperature was above 823 K. This indicates that the dispersed cementite had an effect on the grain growth pinning. The SEM observations revealed that the processing temperatures did not affect the volume fraction of cementite but affected the particle size. The average size of the cementite particles increased with the processing temperatures as shown in Fig. 7(a) . The scatter of the particle sizes were from about 20 to 25 % of the mean values in all conditions. The error bars in Fig. 7 
K and 923 K. The volume fractions of the cementite were only dependent on the carbon content, and they were evaluated to be approximately 1.3 % (0.1 % C steel), 2.0 % (0.15 % C steel) or 3.8 % (0.3 % C steel) by thermodynamic equilibrium calculations using ThermoCalc. Thus, a cementite dispersion parameter f/d, where f is the calculated volume fraction of cementite and d is the mean diameter of the cementite particles respectively, depended on the carbon content first as shown in Fig. 7(b) . Figure 8 shows the nominal stress-nominal strain curves for the 0.15 % C steel with rolling temperatures T R of (a) 673 K, (b) 773 K and (c) 873 K. Their yield strengths decreased with an increase in the rolling temperature or the annealing temperature T A , whereas their uniform elongations increased. As illustrated in the true stress-true strain curves shown in Fig. 9 , the increase in the uniform elongation occurs not only by the decrease in the flow stress caused by grain coarsening but also by the increase in the strain-hardening rate ds/de. Thus, the annealing brought about a marked increase in the strain-hardening rate. and annealing temperatures were plotted together for the 0.1 % C, 0.15 % C and 0.3 % C steels. They can be represented roughly by a single line following the Hall-Petch relationship independent of the carbon content over a wide grain size at least under 0.5 mm. The abnormal grain growth does not seem to affect the relationship between the grain size and the yield strength. Recent studies have confirmed that the Hall-Petch relationship still applies to ultrafine-grained ferritic steels with grain sizes as small as 0.2 mm. 5, 18, 19) The Hall-Petch slope in the present study seems to be close to the value from these studies.
Effect of Rolling Temperature and Annealing
The yield strengths of the as-rolled samples deviate slightly upward from the line drawn in Fig. 10 . The data of the annealed samples under 0.5 mm also seem to deviate slightly upward from the line. Many residual dislocations were observed by TEM microscopy within the grains for the as-rolled samples as shown in Figs. 11(a) and 11(c) . The TEM observations revealed that the restoration process during the annealing decreased the dislocation density inside the grains, and led to the formation of straight, narrow and distinct grain boundaries simultaneously. Belyakov et al. studied the annealing behavior of an ultrafine-grained microstructure that was formed through severe warm deformations, and revealed that the internal stresses that developed in the ultrafine grains were rapidly released by recovery which took place especially at the grain boundaries during the annealing. 20) Such residual dislocations and internal stresses surely bring about the increase in yield strength and the decrease in strain-hardening rate for the as-rolled or the annealed steels where the restoration process does not operate sufficiently. The annealing temperatures were probably too low to bring clear effects of restoration for the samples with average grain sizes under 0.5 mm. These results indicate that the balance of strength and ductility for the ultrafine-grained structures that were formed through severe warm deformations should be evaluated with the annealed samples where recovery processes operate sufficiently.
Effect of Cementite Dispersion
To clarify the effect of dispersed cementite on the tensile properties, the nominal stress-nominal strain curves of the annealed samples with similar ferrite grain sizes were compared on the basis of the carbon content in Fig. 12 . An increase in the carbon content produced a larger difference between the tensile strength and the yield strength, resulting in a larger uniform elongation. Figure 13 shows the true stress-true strain curves obtained from the identical tensile tests shown in Fig. 12 . It is obvious that an increase in the carbon content, namely the volume fraction of cementite, brings about an increase in the strain-hardening rate and uniform elongation. Furthermore, strain-hardening rates for each sample at a constant strain of 0.04 were plotted against their ferrite grain size in Fig. 14 . The strain-hardening rates of the as-rolled samples were always smaller than those of the annealed ones with equivalent ferrite grain sizes. The strain-hardening rate increased with an increase in the car- bon content and decreased with grain refinement. Figure 15 summarizes the balance between the lower yield strength (LYS) and the uniform elongation (U.El) for the ultrafine-grained structures obtained in the present study. The data of the annealed samples showed superior balance compared to those of the as-rolled ones, and they are roughly represented by the three lines that were formed according to the carbon content. The results indicate that volume fraction of cementite is one of the most important factors governing the ductility of the steels composed of ferrite grains and dispersed cementite particles. The detail is discussed in the next chapter. The increase in cementite dispersion or the annealing definitely increases the strainhardening rate, resulting in the improvement of the LYS-U.El balance for the ultrafine-grained steels.
Discussion
According to the Bailey-Hirsh relationship, 21 ) the flow stress s is a function of the total dislocation density r, with the following expression: (1) where s 0 is the constant frictional stress, a is a constant with the order of 1, b is the magnitude of the Burgers vector and G is the shear modulus. Equation (1) indicates that the strain-hardening can be described quantitatively by an increase in the dislocation density. Ashby 10) suggested that the strain-hardening is governed by the sum of the densities of statistically stored dislocations (SS-dislocations), r SS , and the densities of geometrically necessary dislocations (GN-dislocations) , r GN . GN-dislocations are generated by plastic strain gradients, i.e. local non-uniform deformations caused by grain boundaries or hard second phase particles. Thus r GN is dependent on the microstructure, while r SS is proportional to the strain and is a function of the strain alone. Ashby estimated r GN to be much larger than r SS in the case of polycrystals or dispersion-hardened crystals under plastic deformations at a small strain under several percent. Thus the strain-hardening of polycrystals is governed by r GN , which is dependent on the dispersion of the hard second phase or the grain size. According to Ashby's theory, the densities of geometrically necessary dislocations in the case of dispersion-hardened crystals with spherical hard particles, r GN(particle) , is obtained by the following expression, .............. (2) where d is the mean diameter of the second phase particles, f is the volume fraction of the second phase, g is a shear strain and e is a tensile strain.
Furthermore, the following can be obtained by substituting Eq. (2) for Eq. (1) Equation (3) indicates that the strain-hardening rate at a given strain is proportional to a dispersion parameter of (f/d) 1/2 . Figure 16(a) illustrates the relationship between the experimental strain-hardening rates at eϭ0.04 shown in Fig. 14 and the dispersion parameter for cementite particles, (f/d) 1/2 , shown in Fig. 7(b) . There is no obvious correlation between the experimental results and the parameter, (f/d) 1/2 . The strain-hardening rate depends not only on cementite dispersion but also on the ferrite grain size as illustrated in Fig. 14 ; therefore, the effect of the grain size on the density of GN-dislocations must be considered.
Ashby assumed the GN-dislocations generated by the grain boundaries as follows. If the total dislocation density r GN is simply equal to r GN(particle) ϩr GN(boundary) , Eqs. (5) and (6) 5) ........ (6) Equation (6) shows that the strain-hardening rate at a given © 2004 ISIJ strain increases simply with grain refinement; however, experimental agreement with Eq. (6) was poor even with a few studies using fcc-alloys with relatively coarse grain structures over 20 mm. 22, 23) Other studies showed that the strain-hardening rate decreased with grain refinement or remained almost unchanged. [24] [25] [26] As shown in Fig. 14 , the experimental results in the present study also showed that the strain-hardening rate decreased with grain refinement. Thus, Eq. (6) may not necessarily be an appropriate expression for the strain-hardening of polycrystals. Thompson et al. 26) suggested that the problem with Ashby's analysis is the assumption of a uniform distribution for the dislocation density. If the GN-dislocations generated by the grain boundaries are considered to be locally concentrated near the grain boundaries, the dislocation density r GN(boundary) is no longer dependent on the strain and is dependent only on the grain size. Thompson et al. suggested that Ashby's equation similar to Eq. (4), which predicts r GN(boundary) ç e , applies only in the limit of low strains. This seems reasonable, considering various accommodation processes, e.g. dynamic recovery and the development of texture, which suppress an unlimited increase in the dislocation density near the boundaries. Thus r GN(boundary) depends only on the scale of microstructure. Assuming that r GN(boundary) is proportional to the grain size D, the following are obtained through the same approach as Eq. (5) ........ (8) where C is a constant. Equation (8) predicts that the strainhardening rate, ds/de, decreases with grain refinement. Equation (7) . Thus the strainhardening rate at a given strain is estimated by the right side of Eq. (8). In Fig. 16(b) , the experimental strain-hardening rates are plotted against the numerical values from the right side of Eq. (8) The problem of the model mentioned above may be a simple assumption of r GN ϭr GN(particle) ϩr GN(boundary) which does not consider the interaction between r GN(boundary) and r GN(particle) . The region in the vinisity of grain boundaries is rapidly filled with GN-dislocations caused by boundaries in the early stage of plastic deformations, therefore r GN(particle) does not increase any longer in the boundary region. If the hard second phase particles that are located on the grain boundaries hardly contribute to r GN(boundary) , the intra-granular particles alone determine r GN(boundary) . This is a prerequisite for the assumption that the dispersed particles are much smaller than the grains.
The thickness of the grain boundary regions can not be determined definitely by neither experimental nor theoretical analyses at present. So we assume that all particles in contact with grain boundaries locate in the interior of the grain boundary regions. In this case, the mean thickness of the grain boundary regions, x, is close to the mean diameter of the dispersed particles. On the assumption of a simple model structure composed of cubic grains, the volume fraction of the intra-granular region b is given by b gives an estimated rate of intra-granular cementite particles which are not in contact with the grain boundaries, that is the rate of the second phase particles effective in strainhardening. Thus Eq. (8) is modified as follows.
... (10) In Fig. 16(c) , the experimental strain-hardening rates are plotted against the calculated ones by Eq. (10) taking xϭ0.2 mm (nearly equal to the mean diameters of the cementite particles as shown in Fig. 7(a) ). A positive correlation is definitely shown in Fig. 16 (c) but is not linear. The model must be modified in terms of the contribution of the grain boundaries to the GN-dislocations, although Eq. (10) gives a fairly rough description of the strain-hardening in dispersion-hardened polycrystals. The value of b varies from approximately 0.9 to 0.5, 0.2 or 0.037 in the case of xϭ0.2 mm with a grain refinement from 5 mm to 1, 0.5 or 0.3 mm respectively. Such a remarkable decrease in b with a grain refinement under 1 mm is consistent with the decrease in the strain-hardening rate as shown in Fig. 14 . Equation (10) predicts that the strain-hardening rate is simply proportional to (b f/d) 1/2 , when the grain size hardly affects the GN-dislocation densities. Such a rough approximation can also explain the experimental results in the present study as shown in Fig. 16(d) . In either case, the strainhardening design using dispersed cementites is revealed to be effective for the ultrafine-grained steels. However, only the intra-granular particles and not all of the dispersed particles contribute to the enhancement of strain-hardening.
